This often results in either seized microengines or microengines with broken pin joints.
INTRODUCTION
Class 2 devices incorporate moving parts without rubbing or impact on their surfaces. These include gyros, comb drives, resonators, and filters. Class 3 structures contain moving parts with impacting surfaces. These consist of relays and valve pumps.
Class 4 devices contain moving parts with impacting and rubbing surfaces. This class of MEMS consists of shutters, scanners, locks, discriminators and optical switches.5 MEMS technologies developed at Sandia National Laboratories, with polysilicon processing technology fall into this category and must function in a wide variety of environments.
The information provided in this paper will discuss the various FA techniques and tools used to characterize the failure mechanisms of Sandia MEMS as well as the results obtained from these investigations.
BACKGROUND
In applications where class 4 MEMS devices are operated in humid, oxidizing, and non-oxidizing environments, the dominant failure mechanism can be attributed to wear of rubbing surfaces. These microengines were stressed at a frequency of 1720 Hz, which is slightly higher than the resonant frequency of the device. After the micro-engine was operated for a number of cycles, the device was tested at 1 Hz for reliability assessment. During this assessment, if a device is unable to complete one revolution in a 10 second interval, it fails. This process is then repeated, doubling the number of cycles and evaluating the microengines until they have failed. The accumulative number of cycles at failure is recorded.
These microengines often failed by either gear seizure or pin joint breakage. In either instance, wear was found to play a crucial role in the failure of the device. Illustrated in figure 1 
FAILURE ANALYSIS TECHNIQUES & RESULTS

OPTICAL MICROSCOPY
As a preliminary measure for evaluating MEMS devices, optical microscopy serves as an easy, costeffective method for quickly determining the integrity of a device. Optical microscopy can provide an initial view of defects such as fracture, chipped parts, abnormal displacement, and debris. No specimen preparation is required to image these samples. Insight into the failure mechanism can be achieved in minutes. A microengine that failed due to a broken pin joint can be discerned from a microengine that failed by gear seizure. These two failure modes are illustrated in figures 2a and b. In figure 2a , the seized microengine reveals wear debris around the pin joint and hub. The microengine illustrated in figure 2c seized after 2,000,000 cycles.
This may be the result of accumulation of wear debris along the rubbing surfaces of the microengine. Although wear debris can be observed, its morphology and structure are too small to be resolved using optical microscopy. A tool with higher magnification is needed to discern the debris SEM imaging revealed that changes in the testing environment affect the morphology of the wear debris.
As illustrated in figures 4a & b, the wear debris morphology appears "particulate" when the microengine is operated in a dry environment (1.8% RH) and "stringy" or "fibrous" when operated in a humid (39% RH) environment, showing a strong dependence of morphology with humidity. While in some instances the morphology of the wear debris can be characterized using an SEM, the debris can be more completely characterized using transmission electron microscopy (TEM) if the debris is electron transparent.
To reduce the effects of oxidation on the polysilicon microengine surfaces. MEMS devices were operated in vacuum. To conduct these experiments, a tixture capable of running up to eight microengines was mounted inside the SEM chamber. Using a computer equipped with the Sandia Super j.tdriver softwar&°. we were able to apply the appropriate power and drive signals to the microengines. The SEM chamber vacuum pump was on overnight (14 hrs.) prior to testing. This pump down time yielded a pressure of torr (with a partial pressure of oxygen at ton, well below the threshold for oxidation).
As illustrated in figure 5, a microcngine operated to failure in vacuum shows debris accumulating along the huh and pin joint regions. Consistent with results from low humidity testing, the morphology appears to be spherical and particulate. However, it appears that the amount of debris formed is considerably less than that found in 1.8% RH. This result indicates that oxygen has a pronounced affect on the wear properties of a microengines.
Figures 5a and b.
.v1 micrograplis ot a microengine operated in vacuum over 2,000.000 cycles. Note the lack of debris compared to the 1.8% RH sample and its morphology
In experiments with microengines in humid environments, the rubbing surfaces are believed to he SiO on SiO. In the case of a microenginc operated in vacuum, the rubbing surfaces initially begin as oxidized polysilicon on oxidized polysilicon. If the oxide is worn away. the rubbing surfaces may he polysilicon on polysilicon. This will result in a significant change in wear characteristics. As illustrated in figure Sb. the debris morphology is similar to that found in microengines tested at low huniidity (figure 4a. I RH).
Further analysis of this wear debris will 
24% (9c). and 39% RH (9d) environments (control (9a)).
Note the accumulation of debris in as a function of humidity.
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Figures ifla and b. Seized microengine with the pin joint sheared through (lOa). A microengine with the seized region exposed (lOb). Note the wear along the pin joint.
Figures lOa and h illustrate seized portions of the microengines occurring at the pin joint. The severe wear of the pin joint revealed by the FIB cross-section indicates that worn material had been accumulated around the portion of the gear that contacts the pin joint. By accumulating debris along these regions, the as-fabricated geometry has changed from 900 sidewalls to rounder, sharper ends protruding into the pin joint, leading to excessive wear and damage. This mechanism may also he the root cause in the fracture of pin joints. Evidence has shown that microengines operated in low humidity fracture more frequently than those run at higher humidities.
Using the FIB, we have found tracks of wear debris around the hub and outer perimeter of the pin joint as illustrated in figures ha and b. Of primary interest was evidence that a pin joint is firmly adhered to the ground plane. This result indicates undesirable displacement has occurred along the z-axis resulting in the pin contacting the ground plane. This motion may have occurred when the hub and pin joint regions were significantly worn away resulting in wobbling along the z-axis during operation. The end result is friction welding of the pin to the substrate.
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TRANSMISSION ELECTRON MICROSCOPY
Transmission electron microscopy (TEM) has been used to characterize the debris morphology, crystal structure and chemical composition. This technique was used to gain further insight into the debris morphology because of its high niagnification and diffraction capabilities. Using a Philips CM3O 300 keV transmission electron microscope. thc debris morphology at low relative humidity has been identified as either spherical or rod-like structures.
Spherical wear debris has been found to he as large as 250 nm in diameter. Rod-like debris was found to he up to 500 nm long with a diameter of 50 nrn. The morphology of the wear debris was determined by imaging the various particulate geometries while rotating them through angles of +1-25° and +1-30 in orthogonal x and y directions, respectively. By tilting the debris, no significant deviation from its initial geometry could he observed indicating that the morphology is homogeneous throughout a large degree of rotation.
TEM plan-view specimens were prepared using a replica-stripping technique. A thin section of polyacetate film softened with a drop of acetone was placed on the gear and then stripped to remove the gear and linkage arms from the microengine. The parts were then coated with a thin carbon film and transferred to a TEM specimen grid. The remaining polyacetate film was dissolved with acetone, allowing the gear and associated debris to rest on the carbon film supported by the TEM specimen grid.
As illustrated in figures 13a and b, plan-view TEM reveals a large sliver of material removed from the hub region of a microengine tested in a 1.8% RH environment and displaced just beyond a gear tooth.
The large sliver appears to be comprised of smaller spherical and rod-like debris. This debris accumulated along the sidewall of the hub region (as illustrated in the SEM and FIB images). Analysis of this sliver indicates the debris was torn off from within the hub region and thrown outside the gear during testing. 
ENERGY DISPERSIVE X-RAY SPECTROSCOPY
To identify the chemical constituents comprising the wear debris, both energy dispersive x-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS) were employed. EDX in conjunction with diffraction analysis indicated the presence of amorphous oxidized silicon along the worn surfaces. This indicates that the friction bearing surfaces are becoming oxidized during this experiment. As illustrated in figure 16 , the chemical composition for wear debris formed at 1.8%
(not shown) and 39% RH is oxidized silicon. This spectrum is shown with a spectrum from the gear tooth to illustrate an increase in the oxygen peak on the stress-tested samples. The carbon peak represented in both spectra is an artifact resulting from the sample preparation technique. We believe localized heating is occurring along the friction bearing surfaces resulting in the formation of silicon oxide. Contacting asperities along these friction-bearing surfaces may oxidize them during operation leading to wearing of oxidized surfaces. By operating microengines in vacuum the oxidizing environment is removed from the system. 
ELECTRON ENERGY LOSS SPECTROSCOPY
Electron energy loss spectroscopy (EELS) analyzes the distribution of energy lost by beam electrons as they interact with atoms in the analyzed volume of the sample. The high energy loss region of the EELS spectrum will contain a series of energy-loss "edges" characteristic of the different atomic species present, superimposed on an exponentially decaying background.
EELS analysis of the debris formed at -0.4% RH (nitrogen environment) indicates the debris is still oxidized silicon. In the presence of a non-oxidizing atmosphere, enough oxygen was present to provide passivation for the friction bearing surfaces of the microengine during operation. Figure 17 shows a portion of the EELS spectrum from this debris exhibiting a strong oxygen-K signal at 532 eV onset. Note the absence of any nitrogen signal, which would occur at 401 eV onset. The lower energy portion of this spectrum (not shown) contained a strong silicon signal (L2,3 edge) at 99 eV onset. Electron diffraction analysis showed that this debris is also amorphous.
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CONCLUSIONS
Using the various FA tools and techniques, we have shown that wear debris produced from friction-bearing surfaces in polysilicon MEMS devices consists predominantly of spherical, rod-like, or stringy debris. The morpohology of the debris depends strongly upon the environment it is operated in (low humidity causes particulate or rod-like debris, high humidity causes stringy debris). When a microengine is operated in vacuum, the wear debris consists of spherical and rodlike morphologies, similar to microengines operated in low humidity environments. This indicates that the effect of pressure on debris morphology is negligible (at low pressures). Further analysis is required to identify the chemical constituents and crystallographic nature of wear debris produced in vacuum.
The chemical constituents of wear debris from low humidity, high humidity, and nitrogen atmospheres have been identified as oxygen and silicon. We believe this is a result of localized heating of friction bearing surfaces in the microengine during operation resulting in oxidation of these surfaces. Although the % RH was reduced below the measureable limit of our instrument, enough oxygen was present to oxidize the surfaces of the microengine resulting in oxidized wear debris. To Energy (keV) characterize these microengines after operation in nitrogen they had to be removed from the nitrogen container and imaged in ambient conditions. The experimental process allowed oxygen to infiltrate the microengines during their exposure to ambient conditions. In oxidizing environments, we have also shown that the volume of wear debris increases with decreasing relative humidity. The addition of humidity to the operating environment of a microengine may act as a lubricant, reducing the amount of wear debris produced within the microengine.
